ABSTRACT: Soil arching is a phenomenon describing stress re-distribution due to relative movement between adjoining portions. It commonly exists when soil interacts with infrastructure, for example, tunnels, retaining walls, buried structures, and pilesupported earth structures. A yielding state of soil (i.e., the shear stress in soil is equal to its shear strength) was mostly assumed in analytical models for soil arching. In reality, shear stress in the soil medium depends on the magnitude of relative movement of the soil. When the shear stress in the soil is equal to its shear strength, the soil arching is fully-mobilized, while soil arching is partially-mobilized when the shear stress is lower than its shear strength. In this study, the data obtained both from the experimental tests and the numerical modeling in the literature were used to evaluate the fully and partially mobilized soil arcing effects. The comparison of the data and the calculated results using two common analytical methods demonstrates the importance of understanding and considering the partially-mobilized soil arching under certain conditions.
INTRODUCTION
Soil arching is one of the most universal phenomena encountered in soils both in the field and in the laboratory (Terzaghi, 1943) . Terzaghi (1943) defined soil aching as a transfer of forces between mobilized and stable portions in the soil medium through the development of shear resistance at the interface. When the mobilized portion moves downward, the movement would cause an upward shear stress at the interface to transfer the weight of the mobilized portion to the adjoining portions, which is referred to as "positive soil arching" as shown in FIG. 1(a) . On the contrary, soil arching is considered as "negative soil arching" as shown in FIG. 1(b) . Soil arching was first recognized in silo projects in France by military engineers (Feld, 1848) . They found that the silo only carried a portion of the total weight of grains above it. A similar phenomenon was observed in buried pipe projects, in which the load on the top of the pipe was lower than the weight of the soil cover (Marston, 1930) . Existence of soil arching could change the load distribution on structures, which may influence the stability of the structures. Therefore, understanding the mechanism of soil arching is important for some geotechnical applications.
Two common analytical methods were proposed to calculate the re-distributed load on the structure induced by soil arching. Based on the observation of trap door tests, Terzaghi (1936) found that the mobilized portion was curved with the depth. To simplify the calculation, Terzaghi (1943) assumed a vertical mobilized portion as shown in FIG. 2 to derive an equation for estimating the vertical stress on the top of the trap door considering soil arching as Equation (1):
where  v = the vertical stress at the bottom of the mobilized portion; B = the width of the mobilized portion; c = the cohesion of soil;  = the friction angle of soil; z = the height of the mobilized portion; K = the lateral earth pressure coefficient, which can be calculated Hewlett and Randolph (1988) derived the efficacy of weight of the embankment carried by the piles in pile-supported embankments with the assumption of a passive equilibrium state of the mobilized portion. The vertical stress acting on the soil between piles can be calculated as Equation (2):
where  s = the vertical stress acting on the foundation soil; b = the pile diameter; s = the center to center spacing of piles; H = the height of the embankment; and K p = the passive lateral earth pressure coefficient.
However, it is worth pointing out that the soil in the mobilized portion was assumed at a yielding (i.e., failure) state in both analytical methods mentioned above, and the shear stress in the soil was equal to its shear strength. In addition, it was assumed that the adjoining portions next to the mobilized portion were stationary. In other words, there were rigid supports around the mobilized portion. However, it is widely accepted that the shear stress in the soil depends on the relative displacement in the soil medium or at the soil-structure interface (Clough and Duncan, 1971) . If the displacement of the soil is limited, the shear stress in the soil should be lower than the shear strength. This state is partially-mobilized soil arching. Han (2015) pointed out that the soil arching effect could not be fully mobilized when the elastic modulus ratio of the pile to the soil was lower than 100. The reason is that a low modulus ratio does not meet the requirement of rigid supports. When the displacement is small, the assumption of soil yielding overestimates the shear stress, which in turn underestimates the vertical stress in terms of positive soil arching and overestimates the vertical stress in terms of negative soil arching. In this study, the data from the literature was used to evaluate the calculated results by two analytical methods thus demonstrating the importance of understanding and considering the partially-mobilized soil arching for certain geotechnical applications. Terzaghi (1936) conducted the famous trap door test to investigate the soil arching effect. The test setup is shown in FIG. 3 . The trap door had a width of 73 mm, the length of the box was 463 mm, and the height of the sand filled in the box was 300 mm. The sand had a friction angle of 40 o and the unit weight of the sand was 16.7 kN/m 3 . Other detail information can be found in Terzaghi (1936) . .  FIG. 4 shows that the normalized force decreased with an increase of the normalized displacement. The reason is that the downward movement of the trap door created a mobilized portion above the trap door. Upward shear stresses at the interface between the mobilized portion and the stable portion increased with an increase of the trap door movement and carried part of the weight of the mobilized portion. When the shear stress increased to the soil shear strength at the normalized displacement of 0.97%, the normalized force reached the minimum value (i.e., 6.18%), which represents a state of fully-mobilized soil arching. When the normalized displacement was less than 0.97%, the soil arching was partially-mobilized. Terzaghi's method (i.e., Eq. (1)) was also used to calculate the normalized force on the trap door as 14.2%, which corresponds to a normalized displacement of 0.80% (referred to as the critical displacement). It has to be noted that the lateral earth pressure coefficient K used in the calculation was 1.0, which was measured during the trap door test. When the normalized displacement is smaller than the critical displacement, the force on the trap door would be underestimated if Terzaghi's method is adopted. When the trap door at the large normalized displacement, the normalized force calculated by Terzaghi's method was close to the measured. 6 that the vertical stress on the soil decreased with an increase of the pile-soil relative displacement due to soil arching in the embankment. When the relative displacement was equal to 5 mm (i.e., 0.83% of the pile clear spacing), the vertical stress reached the minimum value, which means soil arching was fully-mobilized. Two analytical methods were adopted to calculate the vertical stress. In the calculation using Terzaghi's method, the lateral earth pressure coefficient was 0.83 (i.e., ) and the calculated vertical stress was 5.54 kPa. The calculated vertical stress using Hewlett and Randolph's method was 10.7 kPa. The calculated vertical stress using Hewlett and Randolph's method is higher than that using Terzaghi's method. The reason for this difference is that a limited soil arching height was assumed in Hewlett and Randolph's method, while the whole height soil was treated as mobilized in Terzaghi's method. In addition, Hewlett and Randolph's method was based on a three-dimensional pile layout. In the physical model test, a cap beam was used, which is close to a plane-strain condition, which is the basis for Terzaghi's method. It can be seen from FIG. 6 that the measured vertical stress was underestimated by Hewlett and Randolph's method when the pile-soil relative displacement was smaller than 2.5 mm but overestimated when the relative displacement was larger than 2.5 mm. In pile-supported geosynthetic-reinforced embankments, the vertical stress on the soil decreased due to soil arching and a tensioned membrane effect (Han and Gabr, 2002) . Reduction of the vertical stress on the soil would limit the deformation of the soil; on the other hand, the increase of the load on the piles would increase the settlement of the piles. In other words, the pile-soil relative displacement was limited to a small value so that it resulted in partially-mobilized soil arching. If Terzaghi's and Hewlett and Randolph's methods are adopted when soil arching is partially-mobilized, the vertical stress on the foundation soil would be underestimated so that the tension in the geosynthetic would be underestimated as well.
EXPERIMENTAL STUDIES

Trap Door Test
Figure 6. Variation of the vertical stress acting on the soil (point ③)
with the pile-soil relative displacement.
NUMERICAL MODELING
Szajna (2014) investigated the average vertical stress on the top of a metal pipe under static loading using a numerical method. In Szajna's model, the pipe was modeled as a trap door with a diameter of 2 m and the soil cover was also 2 m. The soil was modeled as a continuum medium (i.e., the elastic-perfect material) with Mohr-Coulomb's failure criterion. Szajna (2014) assumed the trench width was equal to the pipe diameter. The unit weight of the soil was 20 kN/m 3 . The soil friction angle was 40 o and the dilation angle was 25 o . The soil arching effect in the backfill material was investigated through inducing a displacement of the plate to simulate a specific pipe deflection. The relationship of the pipe deflection in the vertical direction and the average vertical stress at the top of the pipe is plotted in FIG. 7 . This figure shows that the average vertical stress at the top of the pipe decreased with an increase of the pipe deflection in the vertical direction (defined as the pipe diameter change divided by the pipe diameter). The vertical stress was reduced by 75% when the pipe deflection was smaller than 0.03%. The reason for this reduction is that the shear resistance developing at the trench wall carried part of the load above the pipe. Terzaghi's method was also used to calculate the vertical stress as 22.4 kPa with a lateral earth pressure coefficient of 0.77. The vertical stress calculated using Terzaghi's method was higher than the minimum vertical stress from the numerical modeling. There are two possible reasons: (1) a high dilation angle was used for the numerical analysis, which would increase the soil shear strength and (2) a continuum medium was used in the numerical model, which would have self stiffness to hold up the soil medium even at a large displacement rather than collapse as a granular material. These two reasons would reduce the vertical stress on the pipe at the fullymobilized state in the numerical modeling as compared with that computed using Terzaghi's method. The pipe deflection corresponding to the same calculated vertical stress using Terzaghi's method and the numerical method was 0.019%. When the pipe deflection was smaller than 0.019%, the vertical stress on the top of the pipe would be underestimated by Terzaghi's method, which may cause the distress of the pipe wall. 
DISCUSSION
From these three cases, the vertical stresses in the mobilized soil all decreased significantly with an increase of the relative movement due to the soil arching effect. If soil arching is partially mobilized, the vertical stress would be higher than that at the fully-mobilized state. The key point is that the critical displacement (i.e., the displacement resulting in fully-mobilized soil arching) is related to the soil properties and the roughness of the soil-structure interface.
Based on the comparison of the calculated results using Terzaghi's and Hewlett and Randolph's methods with the measured ones, the calculated results are close to the minimum value of the vertical stresses at the fully-mobilized state. However, these two analytical methods underestimate the vertical stresses if soil arching is partiallymobilized, which may cause distress or failure of structures. Therefore, a load transfer calculation method based on the partially-mobilized soil arching is necessary to more accurately estimate the vertical stress on the foundation soil.
CONCLUSIONS
Soil arching is a common phenomenon in geotechnical engineering and it affects the distributed load on structures. Three cases from the literature were used in this study to illustrate the development of soil arching with the relative movement and to demonstrate the importance of understanding and considering partially-mobilized soil arching for some geotechnical applications. From this study, the conclusions can be made as follows:
(1) The vertical stress in the soil medium at a state of fully-mobilized soil arching is lower than that at a partially-mobilized state. Partially-mobilized soil arching happens at a small relative movement of soil; and (2) Calculated results using Terzaghi's and Hewlett and Randolph's methods are close to the measured vertical stresses on the foundation soil at the fullymobilized state. However, these methods underestimate the vertical stresses when the relative movement is small.
